Transfusion-related acute lung injury (TRALI) is a life-threatening complication of acute respiratory distress occurring within 6 hours of blood transfusion. TRALI is one of the leading causes of transfusion-related fatalities and specific therapies are unavailable. Neutrophils are recognized as the major pathogenic cells, whereas T regulatory cells and dendritic cells appear to be important for protection against TRALI. The pathogenesis, however, is complex and incompletely understood. It is frequently postulated that the complement system plays an important role in the TRALI pathogenesis. In this article, we assess the evidence regarding the involvement of complement in TRALI from both human and animal studies. We hypothesize about the potential connection between the complement system and neutrophils in TRALI. Additionally, we draw parallels between TRALI and other acute pulmonary disorders of acute lung injury and acute respiratory distress syndrome regarding the involvement of complement. We conclude that, even though a role for complement in the TRALI pathogenesis seems plausible, studies investigating the role of complement in TRALI are remarkably limited in number and also present conflicting findings. Different types of TRALI animal models, diverse experimental conditions, and the composition of the gastrointestinal microbiota may perhaps all be factors which contribute to these discrepancies. More systematic studies are warranted to shed light on the contribution of the complement cascade in TRALI. The underlying clinical condition of the patient, which influences the susceptibility to TRALI, as well as the transfusion factor (antibody-mediated vs non-antibody-mediated), will be important to take into consideration when researching the contribution of complement. This should significantly increase our understanding of the role of complement in TRALI and may potentially result in promising new treatment strategies.
Transfusion-Related Acute Lung Injury
Transfusion-related acute lung injury (TRALI) is a syndrome of acute respiratory distress occurring within 6 hours of blood transfusion [1] . TRALI is characterized by the acute onset of noncardiogenic pulmonary edema [1] . It is one of the leading causes of transfusion-related fatalities, and specific therapies are lacking [1, 2] . TRALI is particularly prevalent in critically ill patients, with incidences reported up to 15% and with a reported survival rate as low as 53% compared to 83% in acute lung injury control patients [3] .
The pathogenesis of TRALI is complicated and incompletely understood [1] . Generally, a 2-hit model is considered to represent the TRALI pathophysiology [4, 5] . The first hit is related to the underlying clinical condition of the patient (eg, inflammation), whereas the second hit is conveyed by factors in the transfused blood product. These second hit factors may be antibodies (around 60%-80% of all TRALI cases) such as anti-human leukocyte antigen (HLA) class I or II or anti-human neutrophil antigen (HNA) antibodies [1, 6] , or antibody-independent factors such as biological response modifiers (eg, lipids) [1, 7] . TRALI mainly occurs when both hits are combined, although cases have been described which report the onset of TRALI in healthy subjects (eg, [8] ). Animal models of TRALI have significantly contributed to our current understanding of the pathophysiology [9] . Based on autopsy reports of TRALI patients, TRALI animal models, and in vitro TRALI experiments, neutrophils (PMNs) are considered to be the key pathogenic cells in antibody and non-antibody-mediated TRALI (in the transfused recipient) [1, 10] . PMNs have been suggested to exert their pathogenic effects in TRALI through direct activation, production of reactive oxygen species (ROS), or the formation of neutrophil extracellular traps (NETs) [1, 10] . It was suggested, using a murine TRALI model, that anti-major histocompatibility complex (MHC) class I antibodies may bind to the pulmonary endothelium and subsequently sequester PMNs via their FcγRs, resulting in PMN activation and TRALI induction [11] . In addition, using a murine model of anti-MHC class I antibody-mediated TRALI, PMNs and ROS were found to be critically required for TRALI induction as demonstrated by in vivo PMN depletion and by using C57BL/6 gp91phox knockout mice [12] . Furthermore, platelets were shown to induce NET formation in TRALI mice, suggesting that NETs may thereby induce lung injury via direct toxicity to pulmonary endothelial cells [13] . Additionally, NETs were shown to be formed upon direct priming of PMNs by anti-HNA-3a antibodies [14] . Regarding anti-HNA-3a-mediated TRALI, PMNs were also demonstrated to interact with von Willebrand factor via CTL-2, the carrier of the HNA-3 antigen, which enabled antibody-induced signaling via CD11b/CD18, resulting in PMN activation and agglutination [15] . Next, monocytes/macrophages may exert pathogenic effects in TRALI [1, 16] . In addition, red blood cells (RBCs) from the transfusion product or from the transfused recipient have been suggested to elicit pathogenic effects in TRALI rat and mouse models [1] . Interestingly, targeting recipient red blood cells with the red blood specific antibody Ter119 was shown to prevent the occurrence of TRALI in a murine model [17] . On the other hand, CD4+ T regulatory cells [12, 18] and dendritic cells [12] have been shown to be the major cells protecting against TRALI, as demonstrated using a murine model of TRALI. Much more research is required to understand the specific nature of the pathogenic immune responses occurring in TRALI. The complexity in dissecting the pathophysiology of TRALI is further illustrated by controversies which have arisen, such as the involvement of recipient platelets [19, 20] . One of the other controversies appears to be the involvement of the complement system in TRALI, which will be the focus of the current article.
The Complement System
The complement system forms an important part of the innate immune system. It eradicates microbial pathogens, apoptotic cells, and immune complexes while leaving healthy cells intact [21] . Activation of the complement system needs to be effectively controlled to prevent damage to the host, for which several complement regulatory proteins are present. During a blood transfusion, foreign blood cells enter the body, and in the presence of alloantibodies to antigenic polymorphisms on the recipient tissue, the complement system can be activated which can result in adverse transfusion reactions [22] . The complement system is composed of around 50 proteins which either reside in the blood or are membrane-bound. The complement system can be activated via three different routes, namely, the classical pathway (CP), the lectin pathway (LP), and the alternative pathway (AP) [21] . Several diseases are linked to unwanted over-activation of the complement system. The CP is activated via allo-and autoantibodies bound to RBCs that are formed following RBC transfusion or present in autoimmune hemolytic anemia [22, 23] . In addition, mutations resulting in altered function or lack of complement regulatory proteins are often associated with overactivation of the AP as seen in atypical hemolytic uremic syndrome and paroxysmal nocturnal hemoglobinuria [24, 25] . In contrast to the CP and AP, however, diseases related to the LP are relatively poorly defined. Studies have indicated that inhibition of the LP might be therapeutically relevant in ischemia reperfusion injury, although the mechanism remains poorly understood [26, 27] . Furthermore, a large part of the population is deficient in Mannose binding lectin (MBL), the key player in initiation of the LP, but when the MBL pathway is activated, the effects that occur are relatively mild and predominately result in (more) severe infections in neonates [28] .
Antibodies are the main drivers of the CP. Interestingly, complement was shown to be most effectively activated by IgG hexamers assembled at the cell surface [29] . In addition, the CP can also be activated via binding of C-reactive protein (CRP) to phosphocholine sites exposed on disrupted plasma membranes [30] [31] [32] . Binding of C1q to IgG, IgM, or CRP results in activation of C1s and C1r, which in turn cleave C4 and C2. The cleavage products, C4b and C2a, form the C3 convertase of the CP (C4b2a). The C3 convertase can cleave C3 into C3b and C3a. C3b covalently binds to the surface, whereas C3a is a chemoattractant for immune cells. Binding of C3b to the surface eventually leads to the formation of C5 convertases (C4b2aC3b) which cleave C5 and generate the potent chemoattractant C5a and the C5b which forms the basis of the membrane attack complex (MAC), which is composed of C5b-9.
Activation of the LP occurs when carbohydrate moieties on microbial pathogens are bound by MBL or ficolins. This binding results in activation of the MBL-associated serine proteases (MASPs) which in turn cleave C4 and C2, forming a C3 convertase (C4b2a) analogous to activation via the CP [21] . The AP is an important player in the immune system, as it is believed that complement activation heavily relies on the amplification loop provided by the AP [33, 34] . Although the AP can be initiated spontaneously at a low rate due to turnover of C3 into C3 (H 2 O) in plasma, its main function lies in amplifying the C3b deposition on the (cellular) surface. When Factor B (FB) binds to a C3b molecule, it is cleaved by Factor D (FD), resulting in the formation of the AP C3 convertase C3bBb. This C3 convertase can also cleave C3, and incorporation of another C3b molecule results in formation of AP C5 convertases (C3bBbC3b) which, similar to CP/LP C5 convertases, results in C5 cleavage and generation of C5a and the MAC [21] .
Several fluid-phase and membrane-bound complement regulators inhibit the activation of the complement system. For example, the fluid phase regulators C1 inhibitor (C1-INH) and C4b binding protein (C4bp) inhibit activation via the CP and LP. On the other hand, the fluid-phase regulators Factor H (FH) and FH-like 1 (FHL-1) inhibit the AP [35] . In addition, the more recently discovered FH-related proteins (FHRs) are believed to fine tune the regulatory capacity of FH; however, in vivo evidence is lacking, and in vitro evidence is often contradicting [36] . Most cells express several membrane-bound regulators like complement receptor (CR) 1, CD46 (also known as membrane cofactor protein [MCP]), CD55 (also known as decay-accelerating factor (DAF), and CD59. Finally, the fluid phase regulators vitronectin and clusterin are able to prevent formation of the MAC, whereas Factor I (FI) is a glycoprotein that downregulates the complement system by cleavage of deposited C4b and C3b into inactive forms C3d and C4d in the presence of co-factors such as FH, C4bp, CR1, and MCP [35] . The complement system is schematically summarized in Figure 1A .
As TRALI is frequently triggered by antibodies present in the transfusion product [1, 6] and CRP also plays an important pathogenic role in TRALI [37] and is increased in TRALI patients [38] , the involvement of complement, and specifically the CP, in TRALI appears to be plausible.
Evidence for the Involvement of Complement in TRALI
Although it has been suggested that the complement system plays a role in TRALI, the number of studies directly investigating this appears to be surprisingly limited. Regarding human studies, Ambruso et al reported (published abstract only) the activation of complement in 2 anti-HLA class II-mediated TRALI patient samples, which was absent in pretransfusion samples [39] . Interestingly, the authors found complement to be activated in the product transfused during the onset of TRALI symptoms, suggesting that the activated complement components in the transfusion product played a role in the TRALI reaction. In a prospective, randomized, double-blind, crossover study, Palfi et al looked into the C3d concentrations in pre-and posttransfusion plasma samples of intensive care patients receiving plasma from multiparous donors compared to those receiving plasma from nontransfused nulliparous women [40] . C3d results from the breakdown of deposited C3b ( Fig 1B) . It was concluded that plasma from multiparous blood donors may impair pulmonary function in intensive care unit patients, but the authors did not find any differences in C3d levels. Notably, however, only 5 posttransfusion reactions occurred (in 4 cases after the transfusion of plasma from multiparous donors) in 100 patients, of which there were 1 typical TRALI reaction and 4 mild cases of TRALI. Lucas et al found complement fixing anti-HNA-1a IgM antibodies in the serum of 1 female donor (out of the 3 donors of the pooled platelet concentrate) that may have triggered TRALI due to interdonor incompatibility for HNA-1a [41] . Dry et al performed an autopsy of a TRALI patient and did not observe the presence of macrophages in the alveolar air spaces [42] , which has been described to occur 24-48 hours after infusion of activated complement in rabbit lungs [43] . This lack of intraalveolar macrophages, however, may not yet have occurred because the TRALI patient died 2 hours after initial clinical signs of pulmonary edema.
Studies using animal models of TRALI have also assessed a contribution of (components of) the complement system. Müller and colleagues used a murine model of TRALI based on lipopolysaccharide (LPS) priming and infusion of an anti-MHC class I antibody [44] . This resulted in increased levels of C3a and C5a in bronchoalveolar lavage fluid (BALF). C1-INH attenuated the pulmonary levels of C3a associated with improved lung injury scores; however, there was no effect on C5a levels in the BALF. In addition, despite the administration of the C1-INH, high levels of pulmonary and systemic inflammatory cytokines persisted, including macrophage inflammatory protein (MIP)-2, the murine homolog of IL-8. Furthermore, Strait and colleagues found an important role for C5a in murine TRALI using the anti-MHC class I antibody (34-1-2s) in BALB/c mice [45] . Mice which were deficient in C3, C5, or C5a receptor (C5aR) were protected from TRALI. The requirement for C5a for TRALI induction was suggested to be related to the fact that only adult male mice were susceptible to 34-1-2s-mediated TRALI, whereas adult female mice were apparently resistant [45] . Female mice have only approximately 25% as much plasma C5 as males, and the subtype of C5 in male mice is not present in females, which may at least in part explain these sex-specific differences in TRALI susceptibility [46] . This was further supported by data demonstrating that infusion of female mice with plasma from male WT or male C3-deficient mice enabled TRALI, whereas infusion with plasma from C5-deficient males failed to induce TRALI [45] . Looney and coworkers, on the other hand, described the occurrence of TRALI in C5aR-deficient BALB/c mice 2 hours after TRALI Fig 1. A, The complement system. The complement system is initiated by the binding of recognition molecules from the lectin or the classical pathway (LP and CP). In the LP, MBL or ficolins (Fic) are complexed with MASP proteins and recognize glycan moieties on a pathogenic surface. The C1 complex, composed of C1q and 2 molecules of C1r and C1s each, recognizes antibody-antigen complexes. After activation of the MASP proteins or C1r/C1s, C4 is cleaved by C1s into C4b, which deposits on the surface via its thioester. The subsequent cleavage of C2 by C1s allows for the formation of the C4b2a C3 convertase-able to cleave C3 into C3b. Via the AP, a C3 convertase, can also form in the fluid phase, composed of C3(H 2 O) and Bb (the large product upon FB cleavage by FD), or as C3bBb deposited on the surface. Both these AP convertases are stabilized with properdin (P). The alternative pathway functions as an amplification loop, increasing the deposition of C3b. When the number of deposited C3b molecules increases, C5 becomes the preferred substrate for the convertases, initiating the terminal pathway. C5b, together with C6, C7, C8, and several molecules of C9, forms a lytic pore known as the membrane-attack complex (MAC). B, The breakdown of deposited C3b. C3b that is attached to a surface can be regulated via multiple mechanisms. FH, DAF (CD55), and complement receptor 1 (CR1) are able to compete with FB to prevent formation or accelerate the decay of the AP C3 convertase. In addition, FH, MCP (CD46), and CR1 function as cofactors for the serine protease FI to cleave C3b into its inactive form, iC3b, releasing the C3f fragment. CR1 also aids FI to cleave iC3b into C3dg. Other plasma proteases will cleave off the last C3g fragment, leaving the last antigenic fragment, C3d, attached to the surface. induction with 34-1-2s injection, suggesting C5a to be dispensable in murine TRALI [11] . Differences between the study of Strait et al [45] and Looney et al [11] may be explained by the timing of experimental endpoints after 34-1-2s injection, which was 30 minutes in the study by Strait et al [45] , whereas this was 2 hours in the study of Looney et al [11] . Additionally, the observed differences may be due to the nature of the animal housing which may affect the composition of the gastrointestinal microbiota and thereby the susceptibility to TRALI [19, 47] . Furthermore, in a study by Sachs et al using an ex vivo rat model of anti-CD177-mediated TRALI, complement was not found to be required for TRALI induction (TRALI induction was more dependent on the density of the cognate antigen), as TRALI occurred in a complement-free environment [48] . In an earlier ex vivo TRALI study by Seeger and colleagues using rabbit lungs, rabbit plasma was suggested to have served as a source of complement and induced TRALI together with anti-5b (anti-HNA-3a) antibodies and PMNs [49] . In this study, however, there was no direct investigation regarding the contribution of complement.
All the studies mentioned above, which provide evidence supporting or against the involvement of complement in TRALI, are summarized in Table 1 .
The Potential Connection Between the Complement System and PMNs in Immune Disorders
PMNs are the key pathogenic cells in TRALI, exerting their effects through direct activation, ROS production, or release of NETs [1, 10] . Interestingly, the innate immune system is able to activate PMNs via different effector molecules. IgG bound to its target is recognized by PMNs via their Fcγ receptors (FcγRs) [50, 51] . C3b and its degradation products can be recognized by several CRs, and C3a and C5a, which are generated during complement activation, are potent chemoattractants [21, 52] . Recognition of these substrates results in PMN activation, ROS production, and NET formation [50, 51, 53] .
Immune complexes are capable of binding to activating and inhibitory FcγRs which are expressed by innate immune effector cells including PMNs [54] . The ROS response mediated by IgG is influenced by the combination of FcγRIIa and FcγRIIIb isoforms expressed on PMNs [55] . PMNs that are activated by IgG elicit a robust ROS response [56] . It has been shown that blocking of PMN-FcγRIIIb is sufficient to inhibit immune complex-mediated ROS production in a setting of autoimmune arthritis [57] . Next to activation via immune complexes, ROS production in PMNs can also occur after activation with C5a [21, 58] . Furthermore, the importance of blocking C5a and the C5aR in complementmediated PMN activation and ROS production is also shown in an in vivo anti-neutrophil cytoplasmic autoantibody model of glomerulonephritis, which suggests that the C5a receptor mediates PMN activation and ROS formation in anti-neutrophil cytoplasmic autoantibodyinduced glomerulonephritis [59] . Importantly, it has been shown that production of ROS is of high importance to induce NETs [60] .
Several autoimmune diseases are characterized by the presence of immune complexes, and in vivo and in vitro studies have shown that immune complexes can induce the release of NETs via binding to FcγRs [61, 62] . In addition, these immune complexes can activate the complement system via the CP. The importance of C3 in NET formation was first shown in mice where it was found that PMNs of C3-deficient mice did not form NETs [63] . Also, Guglietta et al reported C3aRdependent NET formation in a setting of small intestinal tumorigenesis [64] . In that study, circulating LPS was found to upregulate C3aRs on PMNs resulting in C3aR-dependent NET formation, induction of coagulation, and stimulation of protumorigenic neutrophilia. In addition, it was shown that pathogens that were opsonized with both IgG and C3b induced more NET formation than bacteria opsonized with IgG alone [65] . Furthermore, it is not only C3 that is involved in the release of NETs because NET induction by antibodies and immune complexes is greatly enhanced when PMNs are first primed by C5a [66, 67] . Rabbit Rabbit plasma may have served as a source of complement and induced severe lung edema and increased lung vascular permeability in an ex vivo rabbit lung model together with anti-5b (anti-HNA-3a) antibodies and PMNs.
In addition, studies have shown the link between activation of FcγRs and the C5aR [51, 68] . For instance, using the K/BxN mouse serum transfer-induced arthritis mouse model expressing human FcγRIIa on PMNs but lacking their own activating FcγR (γ-chain-deficient mice), it was shown that cross talk between PMN-FcγRIIa and PMN-C5aR promoted inflammatory arthritis in mice [68] .
Taken together, the complement system is a potent system to activate PMNs, and induce ROS production and NET formation, all processes also described to occur in TRALI [1, 10] .
Complement Involvement in Acute Lung Injury and ARDS
In further assessment of the potential contribution of complement in TRALI, parallels may be drawn with other forms of acute lung injury (ALI) and acute respiratory distress syndrome (ARDS).
Activation of the complement system plays an important role in ALI caused by highly pathogenic viruses such as influenza virus A (H5N1 and H7N9) and severe acute respiratory syndrome [69] . It has been shown that infection of the human host with highly pathogenic viruses such as influenza A results in complement activation and formation of C5a [69, 70] . In addition, BALF and serum of mice and humans infected with fatal H1N1 virus contained increased levels of C5a [71, 72] . Furthermore, it has been shown that ALI induced by H5N1 played a relevant role by excessive complement activation including C5a generation [73] . Several murine in vivo studies using H1N1 and H5N1 as ALI inducers have shown beneficial effects of blocking C5a or C5aR in ALI [69, [72] [73] [74] [75] . In addition, C5a can also directly impact vascular permeability by activating endothelial cells [22] , which are also activated in TRALI [76] . Russkamp et al observed alveolar inflammation with increased recruitment of Ly6-G(+)CD11b(+) leukocytes to the alveolar air spaces with severe alveolar-capillary barrier dysfunction upon intratracheal administration of C5a in mice [74] . The authors demonstrated a role for the CC-chemokine receptor 5 in their model of C5a-mediated ALI. Furthermore, as discussed above, C5a plays an important role in ROS generation and formation of NETs. Similar to TRALI, ROS and NETs have also been shown to play a role in ALI [69, [77] [78] [79] . Notably, it was suggested that intravascular activation of PMNs by C5a may be related to the generation of ROS, resulting in the onset of ALI [78] . These studies underline the importance of C5a in mediating ALI and may support further investigations into the role of C5a in TRALI.
ARDS is a serious and frequent complication of multiple medical and surgical interventions, with pneumonia, sepsis, and aspiration of gastric contents being common risk factors, and like TRALI, PMNs appear to play a strong role in the pathogenesis of ARDS [10] . ARDS occurs within 1 week of a known clinical insult or presents with new/worsening respiratory symptoms in case of an unknown clinical event. The role of the complement system in ARDS is not extensively studied. C5a was not detectable in 38 polytrauma patients at risk to develop ARDS, but monitoring of C3a and C3 in plasma was suggested to identify polytrauma patients at high risk for ARDS at an early stage of the disease [80] . In contrast, a different study of 61 patients at risk for ARDS development, due to a major nonthoracic trauma or fungemia, gram-negative bacteremia, or hypotension lasting more than 2 hours, found C5a to be a useful predictor for ARDS [81] . Yet, another study by Schein and colleagues investigated 59 patients in septic shock and found no indicative effect of complement activation whatsoever for the development of ARDS [82] . The discrepancy between these studies may be related to the different ARDS etiologies. It appears that the complement system may perhaps play a role in ARDS, but the heterogeneous etiologies of ARDS add to the complexity and should be carefully considered when studying the exact role of the different complement proteins in various types of ARDS. This may also be true for assessing the role of complement in TRALI, as the underlying clinical condition of the patient also influences the susceptibility to TRALI. Additionally, the transfusion factor (antibody-mediated vs non-antibody-mediated) should be taken into account.
Conclusions
It is frequently assumed that the complement system is part of the TRALI pathogenesis, which hypothetically seems plausible as outlined in this article. Studies systematically investigating the role of complement in TRALI, however, appear to be surprisingly limited in number. Moreover, the reported studies demonstrate conflicting data regarding complement involvement in TRALI. This apparent controversy may at least in part be explained by the different types of TRALI animal models and the varying experimental conditions. This may possibly include the manufacturing process used to generate the 34-1-2s antibody, which may have differed between studies, and this may consequently have differentially impacted the antibody-Fc glycosylation composition and thereby the interaction with Fc receptors or complement. Additionally, the controversy may possibly be due to the composition of the gastrointestinal microbiota [47] , which can be influenced by changes in environmental animal housing conditions (specific pathogen-free vs barrierfree housing) [19, 47] . Barrier-free mice were shown to be hypersusceptible to TRALI, whereas specific pathogen-free mice were resistant to TRALI (unless primed with LPS), and fecal transfer from barrier-free mice to specific pathogen-free mice could restore the susceptibility to TRALI [47] , indicating a role for the gastrointestinal microbiota in TRALI. Overall, this reveals a need for systematic in-depth investigations into the potential contribution of various complement cascade components in inducing TRALI. This can be performed using both TRALI animal models (including the use of complement component knockout mice and the testing of available specific complement cascade inhibitors) as well as TRALI patient samples. The underlying clinical condition of the patient, which influences the susceptibility to TRALI, as well as the transfusion factor (antibodies vs biological response modifiers) should be taken into account (the latter has not been investigated). This will shed light on the relevance of the complement system in TRALI which may open up new therapeutic avenues to explore in combatting TRALI; for example, eculizumab, an anti-C5 blocking antibody or anti-FH.07 antibody which targets FH, or C1-INH.
